Abstract Aporocotylid blood flukes conspecific with Aporocotyle margolisi Smith, 1967 were collected from the bulbus arteriosus of the North Pacific hake Merluccius productus (Ayres). This study revisits the morphology of A. margolisi, including drawings, measurements and scanning electron microscopy images, and provides for the first time molecular data for the large subunit of the ribosomal RNA (28S rDNA) and the mitochondrial cytochrome c oxidase subunit 1 (cox1) genes for this species. A 28S rDNA phylogenetic study of A. margolisi, and all available Aporocotyle spp., was also performed. The distribution range of A. margolisi is extended to the Pacific coast of the USA. We provide a morphological comparison of Aporocotyle spp. from the Pacific coast in North America as well as other Aporocotyle spp. infecting hake. Comparisons with the original description revealed that the new specimens of A. margolisi were considerably larger with respect to all morphological features, except for shorter spines. Molecular results showed a close relationship between A. margolisi and A. argentinensis Smith, 1969 from the Argentine hake Merluccius hubbsi Marini. The phylogenetic relationships of Aporocotyle spp. point to a possible co-speciation of hakes species and these blood fluke parasites.
Introduction
Aporocotyle Odhner, 1900, the type-genus of the family Aporocotylidae Odhner, 1900 (see Bullard et al., 2009) , is a prominent group of digeneans among marine fishes (Gadiformes, Ophidiiformes, Perciformes, Pleuronectiformes and Scorpaeniformes) (see Hernández-Orts et al., 2012 , and references therein). These cosmopolitan trematodes, also known as fish blood flukes, as adults commonly parasitise the gill blood-vessels, heart and bulbus arteriosus of fish.
Five species of Aporocotyle have been described from hake Merluccius spp. (Gadiformes: Merlucciidae) from the Atlantic and Pacific Oceans. These include A. argentinensis Smith, 1969 from the Argentine hake M. hubbsi Marini; A. australis Fernández & Durán, 1985 from the southern hake M. australis (Hutton); A. margolisi Smith, 1967 from the North Pacific hake M. productus (Ayres); A. spinosicanalis Williams, 1958 from the European hake M. merluccius (L.); and A. wilhelmi Villalba & Fernán-dez, 1986 from the South Pacific hake M. gayi gayi (Guichenot) (see Williams, 1958; Smith, 1967 Smith, , 1969 Fernández & Durán, 1985; Villalba & Fernández, 1986a) . These five species are morphologically very similar, and have been identified exclusively by morphological traits (e.g. body length, number of testes, oesophagus to body length ratio and anterior caeca to posterior caeca ratio) and by the definitive host species (Hernández-Orts et al., 2012, and references therein) . In contrast, the application of molecular methods for species identification of these blood flukes remains poorly explored. Molecular data for only a few molecular markers (i.e. small and large subunits of the ribosomal RNA gene) are available in the GenBank database, and only for A. argentinensis and A. spinosicanalis (see Snyder & Loker, 2000; Olson et al., 2003; Hernández-Orts et al., 2012) .
During a survey of parasites of the North Pacific hake M. productus off the Oregon coast, USA, in 2016, aporocotylid trematodes were found in the bulbus arteriosus. Detailed morphological analysis suggested that these worms are conspecific with A. margolisi described by Smith (1967) from M. productus off Vancouver Island, British Columbia, Canada. This paper provides a complete morphological description of the newly-collected worms, including for the first time, scanning electron micrographs of this blood fluke. Additionally, partial sequences for the large subunit of the ribosomal RNA gene (28S rDNA) and cytochrome c oxidase subunit 1 mitochondrial gene (cox1) for this species are provided for the first time.
Materials and methods

Sample collection
A total of 14 M. productus (total length 40.0-46.1 cm), was collected in July 2016 off Newport (44°28 0 55 00 N, 124°31 0 08 00 W), Oregon, USA. Fish were collected by commercial bottom trawling vessels and kept fresh on ice. The heart, bulbus arteriosus and ventral aorta were removed, placed in Petri dishes with saline solution and examined under a stereomicroscope. Blood flukes were gently washed in saline and immediately fixed and stored in 4% formaldehyde solution (n = 2), 2.5% glutaraldehyde in PBS (pH 7.2) (n = 2) or in 100% ethanol (n = 3).
Morphological data
Two specimens fixed in 4% formaldehyde solution were used for the morphological study. These worms were stained with iron acetocarmine, dehydrated in an ethanol series, cleared in dimethyl phthalate and examined as permanent mounts in Canada balsam. Specimens were examined using an Olympus BX51 microscope (Olympus Corporation, Tokyo, Japan) with differential interference contrast optics. Drawings were made using a drawing attachment on the microscope. Measurements were taken using the Olympus Quick-Photo Image-Program, and are given in micrometres unless otherwise stated. Voucher specimens are deposited in the Smithsonian National Museum of the Natural History, Washington, D.C., USA (USNM) and the Helminthological Collection of the Institute of Parasitology, Czech Academy of Sciences, Č eské Budějovice, Czech Republic (IPCAS).
Two specimens fixed in 2.5% glutaraldehyde were prepared for scanning electron microscopy (SEM). These specimens were washed in 0.1 M sodium cacodylate buffer (pH 7.2), dehydrated in an ethanol series and transferred to hexamethyldisilazane (HMDS) (Ted Pella, Inc., Redding, USA), and allowed to air-dry. They were subsequently mounted on aluminium stubs using double-sided carbon tape, sputter coated with 30-nm gold/palladium, and examined with a Jeol JSEM 7401F microscope (JEOL Ltd., Tokyo, Japan) at the Laboratory of Electron Microscopy, Biology Centre, Czech Academy of Sciences, at an accelerating voltage of 4 kV.
Molecular data
Two specimens fixed in 100% ethanol were individually digested overnight at 56°C in a solution containing 10 mM Tris-HCl (pH 7.6), 20 mM NaCl, 100 mM Na2 EDTA (pH 8.0), 1% Sarkosyl, and 0.1 mg/ml proteinase K. DNA was isolated from the supernatant using the DNAzol (Molecular Research Center, Cincinnati, USA) following the manufacturer's instructions. The domains D1, D2 and D3 of the 28S rDNA (c.1,100 nt) were amplified using the forward primer 502 (5 0 -CAA GTA CCG TGA GGG AAA GTT GC-3 0 ) and the reverse primer 536 (5 0 -CAG CTA TCC TGA GGG AAA C-3 0 ) (García-Varela & Nadler, 2005) . The cytochrome c oxidase subunit 1 (cox1) gene (c.600 nt) was amplified with the forward primer Plat-diploCOXF (5 0 -CGT TTR AAT TAT ACG GAT CC-3 0 ) and the reverse primer PlatdiploCOXR (5 0 -AGC ATA GTA ATM GCA GCA GC-3 0 ) (Moszczynska et al., 2009) . Polymerase chain reaction (PCR) amplifications were carried out with 2 ll of DNA extraction supernatant, 1 ll of each PCR primer (10 lM), 0.5 ll of dNTPs (10 mM) and 1 U of Vivantis Taq DNA Polymerase with 2.5 ll of 109 ViBuffer A, and 1.5 mM of MgCl 2 (Vivantis Technologies Sdn. Bhd., Selangor Darul Ehsan, Malaysia). The following amplification profile was used for both molecular markers: 95°C for 5 min (denaturation); 35 cycles of 94°C for 1 min, 50°C for 1 min and 72°C for 1 min; and a final extension of 72°C for 10 min. PCR products for 28S rDNA were sequenced with the PCR primers plus internal primers 503 (5 0 -CCT TGG TCC GTG TTT CAA GAC G-3 0 ; Stock et al., 2001 ) and 504 (5 0 -CGT CTT GAA ACA CGG ACT AAG G-3 0 ; García-Varela & Nadler, 2005) . PCR products for cox1 were sequenced with the PCR primers. PCR products were sequenced using an ABI 3730xl Genetic Analyser (Applied Biosystems, Foster City, USA). The consensus sequences were obtained from the individual sequences amplified from each primer using the program Geneious Pro 4.8.4
Ò (Biomatters Ltd., Auckland, New Zealand). Sequences were submitted to GenBank under accession numbers MF287915, MF287916, MF314114 and MF314115. Phylogenetic analyses were only performed for 28S rDNA sequences, as there are no cox1 sequences for Aporocotyle spp. available on GenBank. The newly generated sequences for the 28S rDNA were aligned with the sequences of other four species of Aporocotyle available on GenBank using ClustalW (Thompson et al., 1997) , implemented in the web http://www. genome.jp/tools/clustalw/. The sequence for Paradeontacylix ibericus Repullés-Albelda, Montero, Holzer, Ogawa, Hutson & Raga, 2008 was used as the outgroup in the analyses of 28S rDNA (AM489593; Repullés-Albelda et al., 2008) . Phylogenetic analyses were run under maximum likelihood (ML) and Bayesian inference (BI), employing the model of nucleotide evolution GTR ? GAMMA estimated with jModelTest v2 (Darriba et al., 2012) . ML analysis was performed in RAxML v. 7.0.4 (Stamatakis, 2006) with 10 replicates. All model parameters and bootstrap support values (500 repetitions) were estimated with RAxML. BI analysis was carried out using MrBayes v.3.2 (Ronquist et al., 2012) . BI log-likelihoods were estimated running two independent Markov Chain Monte Carlo runs of two chains each run for one million generations and sampling tree topologies every 100 generations. 'Burn-in' periods were set to the first 500 generations. A 50% majority-rule consensus tree and nodal support estimated as posterior probability (PP) values were calculated from the remaining trees. The phylogenetic trees obtained from ML and BI analysis were visualized in FigTree v.1.4.2. Genetic divergence for the 28S rDNA dataset was calculated as uncorrected p-distance using MEGA v6 (Tamura et al., 2013 (Fig. 2D, E) ; ventral cluster of spines distributed along ventro-marginal areas of body, joining at sagittal axis from posterior margin of mouth to approximately caecal bifurcation; dorsal cluster arranged along dorso-lateral body margins, never joining at sagittal axis; clusters of spines less abundant at posterior half body.
Oral sucker absent. Mouth subterminal; buccal capsule not observed. Oesophagus long, surrounded by glands from its posterior third quarter to caeca bifurcation. Intestine H-shaped. Anterior caeca similar in length, extending anteriorly to approximately first quarter of oesophagus. Posterior caeca somewhat similar in length, extending to almost posterior extremity of body (Fig. 1A) .
Testes subspherical to transversely-oval, intercaecal, between caecal bifurcation and reproductive organs (Fig. 1A) . Vas deferens extending from posterior margin of testicular field. Cirrus-sac claviform, with thick muscular wall, slightly constricted in one or two places, directing sinistrally, ending in genital atrium, contains elongate and slightly sinuous seminal vesicle surrounded by numerous prostatic cells (Fig. 1C) . Cirrus not observed. Genital atrium and genital pore sinistral, intercaecal, at about 24.2-25.6% of body length from posterior extremity of body.
Ovary slightly dextral, intercaecal, transverselyoval to subtriangular (Fig. 1A, C) , at about 14.5-16.0% of body length from posterior body extremity. Oviduct long, runs sinistrally from posterior margin of ovary (Fig. 1C) . Mehlis' gland small, well developed, surrounding oötype. Uterine seminal receptacle elongated, thick-walled (Fig. 1C) . Laurers' canal not observed. Uterus intercaecal, forming several transverse coils from uterine seminal receptacle to posterior margin of testicular field. Metraterm muscular, parallel to cirrus-sac (Fig. 1C) . Vitellarium follicular, compact. Vitelline fields mostly dorsal to caeca, from level well posterior of nerve commissure to anterior margin of ovary on dextral side, and anterior to genital atrium on sinistral side. Vitelline reservoir elongated, anterior to ovary. Vitelloduct connects to oviduct near oötype. Fully developed eggs thin-shelled, ellipsoidal.
Nerve commissure ventral, approximately at first fifth of oesophagus (Fig. 1A) . Nerve cords extending anteriorly to posterior margin of mouth, indistinct posteriorly. Excretory vesicle Y-shaped; excretory pore subterminal.
Remarks
All specimens found in M. productus from off Oregon exhibit all the morphological characteristics of Aporocotyle; they possess tegumental spines arranged in clusters (although single spines, not clusters, were recently described in A. michaudi Santoro, Cipriani, Pankov & Lawton, 2015 by Santoro et al., 2015) , H-shaped intestine, more than 18 intercaecal testes, ovary located near posterior extremity, largely preovarian uterus, and pre-ovarian common genital atrium (Smith, 2002) . To our knowledge, only A. margolisi and A. macfarlani Holmes, 1971, have been described from fishes from the North Pacific coast of North America (Smith 1967; Holmes, 1971; Hernán-dez-Orts et al., 2012) .
Our specimens are morphologically very similar to A. margolisi, described from the bulbus arteriosus of the same host species. A comparison between specimens previously collected from British Columbia and our specimens from off Oregon revealed higher upper limits for almost all metrical data in the newlycollected specimens (Table 1) . Therefore, our study extends the known range for body size, the length of the oesophagus, anterior and posterior caeca, the size of the cirrus-sac, ovary, Mehlis' gland and eggs, and the length of the uterine seminal receptacle and metraterm. Only the tegumental spines were somewhat shorter in the present specimens compared with the original description. Our study provides detailed data on the morphometric variability of this species, and extends the knowledge of its distributional range further south to the Pacific coast of the USA.
The newly-collected material differed from A. macfarlani, described in sebastid fishes (Scorpaeniformes: Sebastidae) from off the San Juan Islands, Washington (USA), and off Bamfield, and Departure Bay, British Columbia (Canada), in having a longer body, considerably longer oesophagus, anterior and posterior caeca, cirrus-sac, metraterm and eggs (Table 1) , and by having a thick muscular cirrus-sac, which is slightly constricted in one or two places (vs a cirrus-sac without constrictions). Additionally, A. margolisi and A. macfarlani parasitise fish hosts of different families (Merlucciidae vs Sebastidae).
Molecular results from the present study showed a close relationship between A. margolisi described herein from off Oregon and A. argentinensis from off Argentina (see below). Both species use hake as definitive hosts and are morphologically similar (see Supplementary Table S1 ). However, A. argentinensis differs from A. margolisi in having a narrower body, An additional three species of Aporocotyle have been described from three species of hake, i.e. A. australis ex M. australis, A. spinosicanalis ex M. merluccius and A. wilhelmi ex M. gayi gayi (see Supplementary Table S1 ). Aporocotyle australis possesses a somewhat longer oesophagus in relation to body length, a greater number of testes, a smaller cirrus-sac and a shorter ovary than A. margolisi. Aporocotyle spinosicanalis differs from A. margolisi in having a shorter oesophagus in relation to body length and smaller anterior caeca to posterior caeca length ratio, and in having fewer testes and smaller eggs (see Supplementary Table S1 ). Finally, A. wilhelmi can be differentiated from A. margolisi by its shorter anterior and posterior caeca, and by its smaller cirrus-sac and ovary. Furthermore, A. wilhelmi possess a buccal capsule (90 9 30 lm; see figure 6 in Villalba & Fernández, 1986a) , a morphological feature not observed in other species of Aporocotyle from hakes.
Molecular analyses
Four partial sequences were generated for A. margolisi; two for 28S rDNA (1,168-1,242 nt) and two for cox1 (640-667 nt). The aligned 28S rDNA dataset included seven sequences (six for Aporocotyle spp. and one for P. ibericus used as the outgroup, see Table 2 for details), and comprised 1,187 nt positions after trimming the ends to match the shortest aligned sequence. Both, maximum likelihood and Bayesian inference analyses of the 28S rDNA dataset resulted in consensus trees with generally similar topologies (Fig. 3) . ML and BI analyses revealed a close relationship between the sequences for A. margolisi and a clade formed by A. argentinensis (Fig. 3) , both species parasitizing hakes from the Northeast Pacific and the southwestern Atlantic Oceans, respectively. Molecular data obtained in the present study clearly supported the differentiation between A. spinosicanalis and A. margolisi (Fig. 3) . Genetic divergence within Aporocotyle ranged from 0.5% (5 nt) (A. margolisis vs A. argentinensis) to 6.7% (66 nt) (A. spinosicanalis vs A. michaudi). Finally, sequences for cox1 from two isolates of A. margolisi from Oregon were identical, and represent the first published molecular data for this molecular marker for a species of Aporocotyle.
Discussion
The present study revealed a high morphological variability in most metrical features of A. margolisi from M. productus. Our results suggest that the size of A. margolisi does not depend on the size of the fish, as (2008) the small specimens of A. margolisi described by Smith (1967) , were collected from larger hakes than the specimens from the present study (47-69 cm vs 40.0-46.1 cm, respectively) (see Table 2 ). Specimens of A. margolisi from both studies were fixed postmortem in 4% formaldehyde solution (Smith, 1967 ; see above), and therefore it seems unlikely that the morphological differences could be influenced by the method of fixation. However, Smith (1967) fixed and preserved the heart and bulbus arteriosus in 4% formaldehyde before removing the worms, whereas in our study, blood flukes were removed from fresh bulbus arteriosus before fixation. Currently, 18 species are placed in Aporocotyle (see table 1 in Hernández-Orts et al., 2012; Santoro et al., 2015) . In fact, due to the large number of species described in Aporocotyle, this genus represents the second most diverse group of marine fish blood flukes, just after the widely distributed genus Cardicola Short, 1953 (see Orélis-Ribeiro et al., 2014) .
Morphological data from species of Aporocotyle are abundant (e.g. see table 1 in Hernández-Orts et al., 2012) . Indeed, morphological data have been used to assess some phylogenetic relationships of Aporocotyle spp. from hakes or cusk-eels Genypterus spp. (Ophidiiformes: Ophidiidae) (e.g. Smith, 1969; Fernández & Duran, 1985; Villalba & Fernández, 1986b) . The systematics and phylogeny of species of Aporocotyle based on molecular data is relatively depauperate. Partial sequences for ribosomal gene molecular markers are available for only five species (Orélis-Ribeiro et al., 2014; Santoro et al., 2015; present study) . Recently Cifuentes Riquelme (2015) suggested, based on a molecular study, that the diversity of aporocotylids from hake and cusk-eels from the Pacific and Atlantic coasts of South America may be overestimated. Unfortunately, the sequences obtained by Cifuentes Riquelme (2015) are currently not available in the GenBank database, and could not be used in our phylogenetic analysis. The application of Molecular phylogenetic studies of hake (Merluccius spp.) revealed a close relationship between the species occurring in the West Atlantic (e.g. M. hubbsi) and East Pacific (e.g. M. productus), which clearly separates from the Euro-African species (e.g. M. merluccius) (see Quinteiro et al., 2000; Campo et al., 2007 Campo et al., , 2009 . Our phylogenetic analyses obtained with the molecular data for Aporocotyle spp. suggested a pattern of association of the blood flukes with their hake host species. The phylogenetic tree suggests two distinct clades for the Aporocotyle spp. from hakes ( Fig. 3) : (i) one clade contains A. spinosicanalis ex M. merluccius from the North East Atlantic; and (ii) a second clade with A. margolisi ex M. productus from the Northeast Pacific as a sister taxon to A. argentinensis ex M. hubbsi from the Southwest Atlantic. Our phylogenetic results may indicate a possible cospeciation of these blood flukes with their hake hosts. However further research is needed to confirm the intimate relationship, i.e. co-evolution, co-speciation and co-adaptation between a blood fluke and its hake host species.
